Abstract-To assess the problems posed by ecological testing of the toxicity of polluted soils, we applied the Collembola reproduction test to the soil from a mining site polluted by metals. Our aim was to quantify the chronic toxicity of contaminated soil using the Folsomia candida reproduction test. Briefly, the polluted soil, which contains in particular large quantities of arsenic, is mixed in various proportions with a reference soil, and the number of juveniles is counted five weeks later. The results were quite unexpected in that a stronger effect was observed on reproduction with dilute contaminated soil, 0.78 to 3.1%, than with much higher concentrations. The pure contaminated soil is not highly toxic. Arsenic (As) dosage in pore water shows that a change in its bioavailability occurs that may explain the surprising toxicity results. As the main contaminant of the soil was arsenic, we showed that the lowest-observed-effect concentration and the median effective concentration of this metal for the reproduction of F. candida in International Organization for Standardization (Geneva, Switzerland) soil experimentally contaminated with arsenic were low (2.22 and 2.19 g/g, respectively). Likewise, we showed that pH modifies the bioavailability and the toxicity of As, but we do not think that this parameter explains the test results. These results show that this bioassay should be used cautiously to test toxicity of polluted soils.
INTRODUCTION
The use of ecotoxicological testing for the evaluation of soil pollution could represent an interesting complement to chemical analysis. Chemical analyses are indispensable but do have certain drawbacks. Few ecotoxicological tests using soil animal models have certified protocols. The three most used tests certified by the International Organization for Standardization (ISO) are the acute toxicity (ISO 11268 [1] ) and reproduction (ISO 11268 [2] ) tests with the earthworm Eisenia fetida and the reproduction test with the Collembola Folsomia candida (ISO 11267 [3] ). The F. candida reproduction test was initially intended to evaluate the toxicity of pure chemical compounds on a soil insect. It is a sensitive ecotoxicological test based on reproduction. The French environmental protection agency (Agence de l'Environnement et de la Maîtrise de l'Energie, Paris, France) plans to apply the F. candida reproduction test to assess the toxicity of polluted soils. We thus applied this test to a soil polluted by human activity. The polluted soil we chose to investigate was one contaminated by mining waste and by-products; the main pollutants are metals, especially arsenic.
Collembola (springtails) are small, apterous, primitive insects that are common in litter and topsoil. Folsomia candida is blind and reproduces parthenogenetically. Various effects of metals on Collembola have been reported [4, 5] .
Inorganic arsenic is an element that occurs naturally in the earth's crust (typical range: 0.1-40 mg/kg). It may occur as arsenopyrite, orpiment, and realgar. Human inhalation studies have reported inorganic arsenic exposure to be strongly associated with lung cancer, and ingestion has been associated with an increased risk of skin, bladder, liver, and lung cancer * To whom correspondence may be addressed (crouau@cict.fr). [6] . Arsenic is genotoxic and carcinogenic for rats, mice, and humans [7] . Its toxicity, to our knowledge, has never been tested in F. candida. It is for this reason that we tested its effects on the reproduction of this animal. As soil pH is known to have a strong effect on bioavailability of metals, we tested the effect of pH on the toxicity of the mine soil.
MATERIALS AND METHODS

Test organisms
A culture of F. candida was started from adults provided by the Biologisches Bundesanstalt für Land-und Forstwirtschaft Institüt im Pflanzenschutz (Berlin, Germany). Before the experiments, the F. candida clones were reared in darkness at 20ЊC in plastic boxes containing a regularly dampened charcoal/plaster of Paris mixture. They were fed on baker's yeast.
Experimental soils
The polluted soil came from the surroundings of a gold mine in southern France (Salsigne, 80 km south of Toulouse) where the rock is arseno-pyrites. Twenty samples were collected at the polluted place, pooled, and thoroughly homogenized. Two kilograms of that soil were oven dried at 40ЊC for 3 d, then sieved through a 0.5-mm sieve. The mine is located in a contact zone between Schiste X and Paleozoïc. The cationic exchange capacity of this soil was 172 meq/kg; the pH and the water-holding capacity were, respectively, 3.8 and 36%. Its color (Munsell code) was 7.5 Y/R 5/6. The granulometric study gives 16% of coarse sand, 12% of fine sand, and 72% of silt and clay. This soil was mixed in various proportions with a diluent soil (ISO 11268-1 [2] ) composed of quartz sand (70%), kaolinite clay (20%), and peat (10%) ground sieved to 0.5 mm, and CaCO 3 was added to adjust the pH (KCl) to approximately 5. The cationic exchange capacity of the ISO soil was 142 meq/kg. The mixtures were moistened to 53% of their water-holding capacity, a value that has proven suitable in previous work (water-holding capacity measured using protocol ISO 11274 [8] ) and homogenized to obtain a crumbly structure. We carried out a series of three experiments. Some atypical results from the first experiments required confirmation, so complementary experiments were done with lower concentrations of polluted soil. The three successive assays were performed with the following proportions of polluted soil: first experiment, 0, 6.2, 12.5, 25, 50, and 100% (percent soil from the mine with respect to the ISO soil); second assay, 0, 0.78, 1.56, 3.1, 6.2, and 12.5%; and third assay, 0, 0.098, 0.19, 0.39, 0.78, 3.1, and 12.5%.
Experimental design
Folsomia candida reproduction test. The F. candida reproduction test was carried out following the recommendations of ISO norm 11267 [3] with minor modifications. Briefly, the animals (10-12-d-old juveniles) were placed in experimental pots (100-ml capacity; 10 animals/pot) containing the soils at different concentrations (6-10 pots/concentration). They were kept for 35 to 36 d instead of 28 d as specified in the certified protocol (we showed in a previous work that this modification decreased the variability of the results of this test [9] ) in a chamber maintained at 20 Ϯ 1ЊC and were opened twice a week for aeration and every two weeks for feeding with yeast. At the end of the period of exposure to the polluted soil under test, water was added, and the animals floated to the top of the suspension and were counted. Three successive assays were performed.
Effect of soil pH. We studied the effect of pH on reproduction at four different concentrations (mine soil/ISO soil percentage: 0, 0.098, 0.78, and 12.5%), modifying the pH by addition of CaCO 3 to get pH values around 3.7, 4.3, and 5.0, respectively, for the blank and for the contaminated series. The other experimental conditions were as in the tests described previously.
Effect of arsenic. The Collembola reproduction test was carried out on a series of ISO soils containing 0, 0.003, 0.009, 0.026, 0.081, 0.24, 0.74, 2.2, 6.7, 19.9, and 60 g arsenic/g dry soil (sodium arsenate Na 2 HAsO 4 ·7H 2 O, Sigma-Aldrich, L'Isle d'Abeau, France, purity Ͼ 98%). Arsenic was dissolved in the water used to wet the soil. This test was performed on isolated animals (10 replicates for each series; one animal/ replicate).
Statistical analysis of the results
The lowest-observed-effect concentration (LOEC) and the median effective concentration (EC50) for these tests were obtained using Toxcalc 5.0 (Tidepool Scientific Software, McKinleyville, CA, USA-U.S. Environmental Protection Agency methods; Wilcoxon, maximum likelihood probit, trimmed Spearman-Karber).
Chemical analyses
Metal concentrations in the soil. After digesting the soil with a HF-HClO 4 -HNO 3 medium, the extract was evaporated to dryness and taken up in HNO 3 , and the total concentration of eight metals of the soil was determined by inductively coupled plasma/mass spectrometry (ICP-MS) chemical analysis.
Metal concentrations in the pore water. The pore waters were obtained by addition of 6.1 ml of double-distilled water to 7 g of wet soil (to obtain 200% of the water-holding capacity) with shaking for 2 h. The suspension was left to equilibrate for 3 d, then it was centrifuged for 10 min at 8,000 g [10] ; the supernatants were filtered through a 0.45-m membrane and acidified with concentrated HNO 3 . The metal concentrations were determined by ICP-MS.
RESULTS
Effects of the polluted soil on reproduction of F. candida
Three successive assays were performed because the results of the first assay appeared abnormal and needed confirmation by complementary experiments to determine the effects of more dilute polluted soils.
In the first assay ( Fig. 1) , the LOEC and EC50 value for reproduction was 6.2% (Wilcoxon test, significance level p Յ 0.01) and 25% (maximum likelihood probit). We observed some rather unexpected results: The lowest reproduction rates were observed in the least polluted soil mix (6.2% mine soil series). It is noteworthy that reproduction in the pure mine soil is rather high (about 40% of the blank reproduction level). Mortality followed the same trend as reproduction except for the 6.2% series. The apparent anomaly for the 6.2% series reproduction required verification since it could have been due to experimental error or have resulted from the variability inherent in this type of test.
The second assay (Fig. 2) shows that the result of the first experiment for the 6.2% series was due neither to variability of the results nor to experimental error. Differences between Y. Crouau and L. Cazes Fig. 3 . Effect of the proportion of mine soil on reproduction (ⅷ) and on mortality (⅜) for the third assay. Means Ϯ standard error of the mean. n ϭ 8. Fig. 4 . Effect of mine soil pH on the number of juveniles; three percentages of mine soil (0.098, 0.78, and 12.5%) plus the blank each at three pH values were tested. Mean values of juveniles Ϯ standard error of the mean. Asterisks (*) indicate statistically significant (* p Յ 0.05) or highly significant (** p Յ 0.01) differences from the blank series with homologous pH. Letters a, b, and c indicate significant (normal type) or highly significant (italic) differences between the three series of the same group. all the series and the control were highly significant (Wilcoxon test, p Յ 0.01) with the exception of the 12.5% series (p Յ 0.05). The LOEC was 0.78% (p Յ 0.01). We did not get the no-observed-effect concentration (NOEC) value. Probit analysis failed to yield reliable EC50 estimates [11] . The pHs of the soils were 4.3 (12.5%), 4.6 (6.25%), 4.8 (0.78 to 3.1%), and 5.0 (blank series).
In the third assay (Fig. 3) , we found that the NOEC was 0.19% and the LOEC 0.39% (p Յ 0.01). The trimmed Spearman-Karber method gave 0.28% as the EC50 (Auto 29% trim). The maximum likelihood probit method cannot be applied except if the 12.5% value is excluded (EC50 ϭ 0.29%, 95% confidence limit [CL] ϭ 0.20-0.42; 10% effective concentration [EC10] ϭ 0.071%, 95% CL ϭ 0.018-0.12). A reproduction increase, relative to the 0.39 to 3.1% series, was again found for the 12.5% series. Although the differences between the two lowest dilutions (0.098 and 0.19%) and the control series were not statistically significant, a decrease in reproduction rates was still observed. The pH of the soils was in the range 4.8 (0-0.78%) and 4.6 (3.1%) to 4.4 (12.5%).
The results of the ICP-MS analyses for the total metal concentrations were as follows: As 3.1% (wt), Al 5.7% (wt), Ti 2,800 g/g, Cu 1,100 g/g, Bi 445 g/g, Pb 410 g/g, Ba 400 g/g, and Mn 250 g/g.
The arsenic concentrations in the pore water were 10 g/ L for the blank and, respectively, 3,900, 6,300, 8,900, 5,400, and 456 g/L for the 0.19, 0.39, 0.78, 3.1, and 12.5% mine soil proportions. Surprisingly, the highest arsenic concentrations in pore waters are not observed for the series with the highest mine soil concentrations but rather correspond to the series with the lowest reproduction levels. A significant correlation exists between As concentrations in the pore waters and the offspring number (correlation coefficient: Ϫ0.82, p Ͻ 0.05). Total organic carbon in the pore water was 180 g/ml for the blank and 161, 153, 142, 98, and 56 g/ml for the 0.19, 0.39, 0.78, 3.1, and 12.5% mine soil proportions. These differences in dissolved organic carbon between the series are probably due to organic matter of ISO soil (10% peat).
Effect of pH
In this assay, pH differences had no significant differential effect on reproduction between the three control series (Fig.  4) . A trend toward an increase of reproduction with increasing pH appeared in the 0.098% group, but the differences between the three series were not significant. For the 0.78% group, statistically significant differences were observed between the pH 3.7 and the pH 4.3 series (p Յ 0.05, Wilcoxon test) and highly significant differences between the pH 4.3 and the pH 5.0 series (p Յ 0.01). Finally, for the 12.5% group, significant differences were observed between the pH 3.4 series on the one hand and the two less acid series on the other (p Յ 0.05%). No significant difference was observed between the two higher series of this group. For the concentration 0.78%, a highly significant decrease in reproduction was observed with respect to the control series for pH values of 3.7 and 4.3 (p Յ 0.01), but no significant difference was observed for pH 5.0. Concerning the 12.5% group, only the most acid series shows reproduction to be highly significantly different from the corresponding series of the control (p Յ 0.01). Arsenic concentrations in the pore water are reported in Table 1 .
Effect of arsenic on reproduction
The LOEC and NOEC values were 2.22 and 0.74 g/g, respectively (p Յ 0.05; U.S. Environmental Protection Agency Method, homoscedastic t test). The EC50 and EC10 were 2.19 g/g (maximum likelihood probit method, CL ϭ 1.14-4.19) and 0.94 g/g (CL ϭ 0.01-1.5). An increase of reproduction (hormesis) was observed for the four lowest arsenic concentrations (nonsignificant differences with the blank series; Fig.  5 ). The pH values for the different concentrations were 4.3 Ϯ 0.1.
DISCUSSION
Two results of this study are surprising. First, the toxicity is higher at low dilutions (0.39-3.1%) than at high dilutions (6.25-100%). Three-to fourfold fewer juveniles were present in the 3.1% than in the 12.5% polluted soil. Second, the pure mine soil is not highly toxic.
Chemical analyses showed that one of the main metals in the polluted soil was arsenic. It comes from the cyanide treatment of the ore that contains arsenopyrites and other arsenic- containing minerals (e.g., chalcophyllite, cornubite, olivenite). The total concentration of aluminum and arsenic in the soil was particularly high: 57 and 31 mg/g, respectively. However, it has been shown in other insects that arsenic is one of the most toxic metals. For instance, in the Indian meal moth Plodia interpunctella (Lepidoptera), the ratios of median lethal dose (LD50) molar concentrations of metals relative to arsenic (1) were copper (4.8), aluminum (33), zinc (45), iron (48), and molybdenum (139) [12] . In the silkworm Bombyx mori the NOEC for metals in the diet (dry wt) were 100 g/g zinc, 50 g/g lead or copper, and 1.25 g/g arsenic [13] . For F. candida, significant effects on reproductive success were observed for 2.2 g arsenic/g dry soil (this study), between 100 and 200 g cadmium/g [14, 15] , 462 g zinc/g [16] , 1,200 g copper/g, and 5,000 g lead/g [17] . The toxicity of arsenic is therefore much higher than that of other metals. Because of the pore-water hypothesis, the bioavailable fraction of arsenic must be directly linked to the arsenic concentration in the pore water [18] . Arsenic concentrations in the pore waters of the third assay correlate well with the atypical reproduction results: Arsenic is high and reproduction is relatively low for the low and mean mine soil concentrations, and it is the opposite for the higher mine soil concentrations. The solubility of metals in soils is highly pH dependent [19] . Arsenic solubility dependence on pH is inverse to that of other metals, as arsenic exists primarily as an anion and is less available at low pH. It could therefore be thought that differences in pH may partly explain the atypical results: The pH of the 12.5% series was more acid than that of the series at 0.78 and 3.1%. However, the fact that pH differences between series of the third assay are low shows that the explanation is not so simple. Moreover, the results of the experiment with different pH (Fig.  4 ) are at variance with this explanation: The lower reproduction and higher As concentrations in pore water are observed for the lowest pH series. Finally, it is noteworthy that addition of calcium to soils (CaCO3) may bind arsenates, thus greatly reducing availability; so pH effect may be more of a Ca effect than a pH effect. The problem here is mainly about changes in bioavailability of arsenic. When a small amount of contaminated soil is added to the reference soil, the chemical characteristics of the reference soil dominate, and it seems that the As becomes more chemically available and moves into pore water. When more contaminated soil is mixed in, the chemistry of the soil mixtures changes, and less As goes into pore water. Adsorption of metals on clay and organic matter is a wellknown pH-dependent phenomenon [20] .
Metals could be desorbed inside the gut of F. candida as a result of pH variation. It has been shown that pH of the anterior midgut differs from that of the posterior midgut [21] .
Bioavailability of arsenic in soils is influenced by soil chemistry (presence of other metals). It is possible that the unexpected results that we observed in these ecotoxicological tests are the consequences of complicated interactions between metals (e.g., coprecipitation of arsenic with manganese or iron [22] ). Since the bioavailability and the toxicity of arsenic depend on its oxidation state, studies of arsenic speciation [23] are probably important to understand our results.
Large differences occur between the series relative to the organic matter concentration in pore water; the highest organic matter concentrations were observed in the series with the lowest concentration of mine soil. Two other hypothetical explanations of the unexpected As concentrations are linked to differences in the organic matter content of each dilution of the mine soil. First, geomicrobial culture experiments reveal that microbial processes mediate the release of As into groundwater [24] . Microbial activity of a soil is dependent on its organic matter content; therefore, it must be higher in the 0.78 to 3.1% series (total organic carbon of the pore water: 153-98 g/ml) than in the less diluted series (total organic carbon of the 12.5% series: 56 g/ml). Second, arsenate adsorption on gibbsite and ferrihydrite decreases when exposed to increasing concentration of fulvic acid [25] . Fulvic acids are complex dissolved organic acids that make up a significant proportion of the total organic matter.
To explain the unexpected findings of the present ecotoxicological study, future research will be focused along these lines. It would also be interesting to determine whether the atypical results found here are also found when other diluent soils are used or when the test is applied to other soils contaminated by metals or organic pollutants.
CONCLUSION
This study illustrates the difficulty in analyzing the results obtained by applying the Collembola reproduction test to soil from polluted sites. This is primarily due to the complex interactions between the tested and the dilution soils when they are mixed. The study tends to suggest that this test, which was originally designed to determine the toxicity of chemicals tested individually, must be used cautiously when applied to complex matrices. It highlights the importance of measuring both chemical and biological responses and to understand chemistry of metals in soil. When assessing the toxicity of a polluted soil, the reference soil needs to be as similar as possible to the polluted soil but without contaminants present.
